Hydraulic behaviors of faults in sedimentary basins have been paid close attention in studies of hydrocarbon migration and accumulation because of their important functions in basin hydraulic circulations. In previous studies, however, the function of faults in hydrocarbon migration is characterized by the sealing capacity of faults. In fact, sealing is only an impressive and time-dependent aspect of the hydraulic behavior of faults, which may act as seals during some periods and as pathways some time later. Therefore, in hydrocarbon migration studies, sealing indices may successfully be used in some cases but not in others. In this article, we introduce an empirical method (termed the fault-connectivity probability method) for assessing the hydraulic connecting capacity of a fault for hydrocarbon migration over geological time scales. The method is based on the recognition that observable hydrocarbon in reservoirs should result from the opening and closing behavior of the fault during the entire process of hydrocarbon migration. In practice, the cumulative petroleum migration through a segment of the fault zone is identified by the presence (or not) of hydrocarbon-bearing layers on both sides of the segment. Data from the Chengbei step-fault zone (CSFZ) in the Qikou depression, Bohai Bay Basin, northeast China, were used to develop this method. Fluid pressure in mudstones, normal stress perpendicular to fault plane, and shale gouge ratio are identified as the key factors representing fault-seal capacity. They are combined to define a nondimensional fault opening index (FOI). The values of FOI are calculated from the measured values of the key factors, and the relationship between FOI and fault-connectivity probability on any fault segment is established through statistical analysis. Based on the data from the CSFZ, when the FOI is less than 0.75, the faultconnectivity probability is 0; when FOI ranges from 0.75 to 3.25, the corresponding fault-connectivity probability increases from 0 to 1 following a quadratic polynomial relationship; when FOI is greater than 3.25, the fault-connectivity probability is 1. The values of fault-connectivity probability can be contoured on a fault plane to characterize the variations of hydraulic connective capacity on the fault plane. The applicability of this concept for other oil fields (in particular, the quantitative relationship between FOI and fault-connectivity probability) has still to be ascertained.
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INTRODUCTION
Faults may act as either barriers to fluid flow or conduits (Smith, 1966; Karlsen and Skeie, 2006) . Fluid flow along faults causes changes in temperature, pressure, and stresses within and surrounding fault zones (Sibson, 1981; Vasseur and Demongodin, 1995; Xie et al., 2001; Gratier et al., 2002) . Obviously, the opening and closing behavior of a fault controls hydrocarbon migration and accumulation and, therefore, the distribution of hydrocarbon fields in petroliferous basins (Selley, 1998; Harding and Tuminas, 1989) .
Studies on faults serving as flow barriers or conduits (Knipe, 1989; Sorkhabi and Tsuji, 2005) have been conducted through outcrop observations, lab experiments, and numerical simulations to characterize the geometry, composition, deformation, and diagenesis of fault zones. In fault zones, several observed physical and chemical properties have been proposed as proxy data to evaluate the timing and duration of fault opening and closing (Smith, 1966; Weber et al., 1978; Engelder, 1979; Allen, 1989; Knipe, 1992 Knipe, , 1997 Antonelini and Aydin, 1994; Gibson, 1994; Berg and Alana, 1995; Sorkhabi and Tsuji, 2005) .
A variety of approaches have been used to characterize the sealing ability of faults to study their impact on fluid flow. Perkins (1961) emphasized that the juxtaposition of sandstones may destroy the sealing capability of faults. However, he noticed that faulted sandstones may be sealed by mudstones teaching sedimentology and terrigenous clastic depositional systems. He has worked on depositional systems analysis, sequence and cyclostratigraphy, paleoclimatology, and reservoir characterization of marine and nonmarine siliciclastic and carbonate rocks in China and the United States. squeezed into the sandstones during faulting. Allen (1989) stated that stratal discontinuity across a fault must be studied three dimensionally. Smith (1966) introduced some theoretical considerations on sealing and nonsealing faults based on the capillary model of Hubbert (1953) . To characterize the sealing heterogeneity along fault planes, several parameters, such as clay smear potential, shale smear factor, and shale gouge ratio (SGR), were proposed to estimate the degree of mudstone smearing within fault zones and to evaluate the seal capacity of faults (Bouvier et al., 1989; Lindsay et al., 1993; Yielding et al., 1997) . Using outcrop observations, Hasegawa et al. (2005) and Kachi et al. (2005) designed several seal capacity parameters to describe the three-dimensional (3-D) sealing characteristics of faults and emphasize the heterogeneity of fault-seal capacity. These detailed studies have pushed the concept of fault-seal capacity from qualitative toward quantitative (Sorkhabi and Tsuji, 2005) . However, most of these previous studies are based on the present characteristics of a fault, whereas hydrocarbon accumulation involves the sealing characteristics of the faults during the entire past migration process. Indeed, this entire migration process may be very long because of the limited hydrocarbon migration flux through fault zones (Byerlee, 1993; Haney et al., 2005) and/or because of the very slow maturation of hydrocarbons in the source rocks.
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In reality, active tectonics associated with faults are discontinuous processes (Sibson et al., 1975; Hooper, 1991) , and faults open and close episodically as a result of a variety of geologic processes (e.g., earthquake cycles; Sibson, 1981; Hooper, 1991) . With respect to their hydrodynamic properties, faults have a ubiquitous property: they may act either as seals or as preferential pathways for fluid flow (Yielding et al., 1999) . Therefore, any comprehensive study of hydrocarbon migration through faults should take this dual behavior into account as well as its temporal evolution. Indeed, it is widely accepted that, in a fault zone, fluid can flow in pulses from one compartment to another, in relation with the earthquake rupture of existing seals (Byerlee, 1993; Lockner and Byerlee, 1995; Haney et al., 2005) .
Hydrocarbon flow occurring during fault opening should leave some indications that can be used to identify whether and where the fault was open (Sorkhabi and Tsuji, 2005) . Indicators, such as veins related to faulting and diagenetic mineralogy and fluid inclusions within and adjacent to fault zones, are equivocal in many cases and require extensive testing and analyses many samples. This is feasible for outcrop studies but is difficult for core analysis because of the scarcity of cores in fault zones. Other types of proxy are needed to assess fault opening and closing, and its seal capacity. 
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The purpose of this study is to propose such proxies, which can be used to characterize the seal capacity of faults in the Chengbei step-fault zone (CSFZ), Bohai Bay Basin, China. Our approach in studying fault-seal capacity is to consider the longterm hydrocarbon migration process as a cumulative effect of many small increments of migrating hydrocarbons through a segment of a fault zone, such as the migration episodes that occur during earthquakes. The presence of hydrocarbon accumulations in footwall and hanging-wall reservoirs is therefore used as a calibration criterion indicating cumulative fault opening and closing cycles for migration over geological time. A method of quantitative assessment of 3-D fault opening and closing at different locations on a fault plane is proposed, and the opening and closing behavior on a fault plane during the entire migration history may semiquantitatively be described using a concept of faultconnectivity probability.
GEOLOGICAL SETTING OF THE CHENGBEI STEP-FAULT ZONE

Structure, Stratigraphy, and Petroleum System
The CSFZ is located on the slope between the Chengning uplift and Qikou depression in the Bohai Bay Basin, northeast China (Figure 1 ). It covers an area of approximately 550 km 2 (212 mi 2 ), with three/fifths of the field offshore. The structural framework is a gentle slope cut by multiple step-like normal faults in the Cenozoic strata (Wang et al., 2003) . The CSFZ, as well as the entire Bohai Bay Basin, has experienced a rifting episode composed of two phases: a Paleogene synrift phase and a Neogene to Quaternary postrift phase (Li et al., 1998) . The tectonic evolution is related to strikeslip movements along the Tanlu fault and Qinling structural zone (Xu, 1980, Yang and Xu, 2004) . The Cenozoic strata are composed of continental clastic (Yuan et al., 2004) .
Oil-source rock correlation shows that hydrocarbons in the CSFZ were derived from source rocks composed of dark-colored mudstones of the Sha-1 and Sha-3 members of the Shahejie Formation in the Qikou depression (Wang et al., 2006) ( Figure 2 ). The major reservoir rocks include fan deltaic and lacustrine littoral sandstones of the Sha-2 and Sha-3 members of the Shahejie Formation, delta-front and prodeltaic sandstones of the Dong-1 and Dong-3 members of the Dongying Formation, and Neogene fluvial sandstones (Yuan et al., 2004) (Figure 2 ). Thick mudstones in the middle Sha-1 and Dong-2 members and lower Minghuazhen Formation constitute regional seal rocks (Yu et al., 2006) (Figure 2 ).
Petroleum exploration in the CSFZ began in 1965. During the last 43 yr, 11 oil and gas fields have been discovered (Figure 3 ). More than 140 exploratory wells have been drilled, and a 3-D seismic survey covers nearly all major structures. A large quantity of exploration and development data are available to study fault-seal capacity in the CSFZ (Figure 3 ). 
Movement of Faults and Hydrocarbon Expulsion
The study area has experienced regional transtension since the end of the Mesozoic (Li et al., 1998) , resulting in extensive faulting. Major faults, which controlled the structural framework and depositional history, include the Qidong (QD), Zhangdonghai 4 (ZDH4), Zaobei (ZB), Yangerzhuang (YEZ), Yangerzhuangnan (YEZN), and Zhangbei (ZHB) faults (Yuan et al., 2004; Yu et al., 2006) (Figure 3 ). Seismic interpretation indicates that they are synsedimentary faults (Figure 4 ). In general, these faults are parallel to each other, striking in a northeast or nearly east-west direction and dipping toward the depression to the north. The distribution of discovered hydrocarbon accumulations is closely related to the faults (Figure 3 ). These faults appear to be important factors in hydrocarbon migration and accumulation.
In this study, the incremental movements along a given fault are assumed to be the result of multiple tectonic episodes in the CSFZ. The fault growth index, defined as the ratio between the thicknesses of the same formation measured on both sides of the fault plane (Childs et al., 2003) , was used to analyze the development and activity of growth faults in the study area (Zhang et al., 2007) . They revealed the occurrence of three major episodes of intensive faulting during the deposition of the Shahejie, Donying, and upper Minghuazhen formations, respectively. The tectonic intensity had been decreasing from the Paleogene to the Neogene.
Basin modeling applied to the whole region ( Figure 3 ) indicates that hydrocarbon was expelled from source rocks during two major episodes (Wang et al., 2006; Yu et al., 2006) . The first episode was at the end of the Dongying (∼26 Ma) when source rocks in the Sha-3 member became mature. Hydrocarbon expulsion ceased because of regional uplifting and erosion at the end of the Paleogene. Therefore, this early episode of hydrocarbon expulsion was short, and the amount of expelled hydrocarbon was limited. Major expulsion occurred during the second episode from the late Miocene to Quaternary (Wang et al., 2006) . The deposition of the Neogene Guantao and Minghuazhen formations caused maturation and hydrocarbon generation in the Sha-3 and Sha-1 source rocks. Hydrocarbon expulsion peaked at the end of the Minghuazhen (∼2 Ma).
FAULT CONNECTIVITY AND PROBABILISTIC INTERPRETATION
We characterized the fault opening or closing on a statistical basis and developed the concept of fault-connectivity probability.
Fault Opening and Closing
A fault is not a simple discontinuity but instead a zone consisting of a fault core and a surrounding damage zone (Chester and Logan, 1986; Smith et al., 1990; Forster and Evans, 1991; Chester et al., 1993; Bruhn et al., 1994; Caine et al., 1996) (Figure 5 ). The fault core represents the part of a fault zone where most of the displacement is accommodated and consists of slip surfaces, fault gouge, breccias, and cataclasites (Chester and Logan, 1986; Chester et al., 1993; Caine et al., 1996; Clausen et al., 2003) . The damage zone may be composed of subsidiary faults, faulted rocks, and fractures (Chester and Logan, 1986; Chester et al., 1993; Bruhn et al., 1994; Caine et al., 1996; Jourde et al., 2002) . This definition of a fault zone requires the evaluation of its overall behavior and particularly that of its potential hydrocarbon-carrying capacities during the entire history of hydrocarbon migration.
Furthermore, consider that the commercial quantity of hydrocarbons having migrated through fault zones must be a result of multiple events (such as earthquakes) that occurred over a long-term geologic period. The present distribution of hydrocarbons along a fault is the consequence of these multiple episodes of migration and accumulation. At any time, any point on the fault has the potential to act as a barrier or conduit. However, the behavior of this point during a single displacement event cannot be evaluated because hydrocarbon migration processes corresponding to this single faulting event cannot be assessed. Nevertheless, the cumulative effects of these events can be identified so long as some of these events leave a preserved trace.
Identifying Fault Connectivity
The presence or absence of hydrocarbon-filled reservoirs on both sides of a fault gives a quantitative indication on whether the fault has been open during at least some of the events occurring as a function of geological time. For a given location on the fault, an open and close indicator may be constructed as explained in the following paragraph, where it is applied to the CSFZ.
This study concentrates on faults that have been drilled extensively on both their footwalls and hanging walls so that sufficient data are available to better characterize the history of fault opening and closing. Actually, the CSFZ is particularly convenient for the use of hydrocarbons as an indicator of fault opening and closing. This is because hydrocarbons accumulated principally during a relatively short period from the Miocene to Pliocene (Yu et al., 2006) . Since then, the study area has kept subsiding without significant changes in tectonic style (Wang et al., 2003) .
As illustrated on Figure 3 , the six main faults of the CSFZ clearly connected with oil and gas discoveries are selected. The precise relationship between the fault geometry and the occurrence of hydrocarbons in reservoirs may be assessed using data from exploration wells and 3-D seismic surveys. Figure 6 presents an enlargement of the eastern part and Logan, 1986; Smith et al., 1990; Bruhn et al., 1994; Caine et al., 1996) . (Figure 6b-d) emphasize that, in most occasions, faults acted as a seal with respect to the reservoirs. However, hydrocarbons that accumulated in the footwall cannot be from the local source rock of Es 1 or Es 3 because it is poor and immature in this area. Oils must have been fed through openings of normal fault ZDH4 (Figure 6a ), which extend from the base of Es 2 2 in the footwall to the top of Es 2 1 in the hanging wall. On a cross section of the fault plane, we identify particular points (called grid nodes) as the top of each bed in both the hanging wall and the footwall (Figure 7a ). Assuming that the fault is the only possible pathway, the opening and closing state of such a node on the fault during the migration period is determined by identifying the hydrocarbon presence or absence in reservoirs above that node on both sides of the fault plane. Four possible scenarios may occur and are used to identify whether the node had served as a migration path. The four scenarios can be described as follows ( Figure 7b ): (1) the reservoirs below contain hydrocarbons and the ones above do not (the case of point D on Figure 7b ); (2) reservoirs both above and below the node contain hydrocarbons (the case of point C on Figure 7b) ; (3) the reservoirs above the node contain hydrocarbons and those below the node do not (the case of points A and B on Figure 7b) ; and (4) reservoirs both above and below the node do not contain hydrocarbons (the cases of points E and F on Figure 7b) . It is not difficult to assess that, in scenarios 2 and 3, the node must have been open at some time during migration; on the contrary, in scenario 1, no hydrocarbon accumulation above this node exists at present, and thus, the node was probably closed during migration. In the last scenario, it is unknown whether the node was open or closed during migration.
At the scale of the CFSZ, many such cross sections, which include both structural information and indications of hydrocarbon occurrence, may be constructed. A systematic study, derived from available seismic sections, is therefore performed. The geometrical and structural data are first digitized for grid mapping of the main faults. An example of such mapping is shown on Figure 8 , which presents a perspective view of the footwall of fault ZDH4. The traces of the main horizons (both of the hanging wall and of the footwall) as well as the traces of seismic cross sections are the basic elements of this grid. Based on the mapping of the oil and gas shows, assessing the connectivity of the fault at various nodes of a grid is commonly possible.
Fault-Connectivity Indicator as a Probabilistic Criterion
Sixteen cross-well seismic sections perpendicular to six selected major faults are used to analyze the fault connectivity during migration. At each intersection point between the fault plane and a carrier bed (Figure 7b) , a binary index, termed the "faultconnectivity index" (N i ), is defined as 0 when evidence for migration is absent and 1 when evidence for migration is present. If the evidence is inconclusive, the corresponding data point is discarded.
About 120 data points are compiled, each being assigned with an open/close index.
The relevance of this index to the actual opening and closing of a fault is debatable. First, it is possible that part of the migration occurs in other pathways instead of the main fault. For instance, small faults or cracks generally accompanying master faults in extensional basins could channel a substantial fraction of the migrated hydrocarbons. There also is an implicit assumption (Figure 7 ) that, at each data point, hydrocarbon migrates in a 2-D plane perpendicular to the fault. In fact, it is likely that pathways along the fault are much more complex than being depicted here and their exact 3-D geometry is difficult to assess. A statistical approach may be effective in countering this complexity. At a given point on the fault, it is convenient to consider the fault-connectivity index as a binary variable with a value of 0 or 1. The probability that the index has a value of 1 depends on the position of the point on the fault and is a function of other variables of the fault, such as physical parameters characterizing the environment and history of the fault. The previously collected data allow the characterization of this probability relationship as follows.
For a specified value range of some physical parameters associated with a fault (e.g., depth, dip and strike of the fault, throw of the fault, fluid pressure, stress, shale smear index, etc.), the probability that the fault would be open is defined as
where n is the number of nodes where the faultconnectivity index is equal to 1 and N is the number of nodes where the migration history can be assessed unequivocally (Figure 7 ).
ASSESSMENT OF PHYSICAL PARAMETERS
Many geologic factors and processes control whether faults serve as barriers or conduits for hydrocarbon migration, such as fault-plane attitude, displacement, lithology, and mechanical properties of offset strata, burial depth, juxtaposition of lithology across the fault plane, fault gouges, stress direction and magnitude, fluid properties, temperature and pressure conditions, etc. (Bouvier et al., 1989; Knott, 1993; Lindsay et al., 1993) . However, a good predictive method in assessing fault connectivity for hydrocarbon migration should use data that are routinely available (Yielding et al., 1997) . In this study, burial depth, dip and strike of the fault, throw of the fault, fluid pressure, stress, and shale smear defined by the SGR are used to characterize fault opening and sealing. Among these parameters, normal stress and fluid pressure are expected to have direct impact on the open and closed behavior of a fault. An analysis of a set of available physical data shows that fluid pressure and normal stress are well correlated with most other parameters except SGR. The SGR represents the sealing properties of a fault, which also influence the fluid flow regardless of whether the fault is open or closed (Yielding et al., 1997) . Thus, fluid pressure, stress, and SGR can be regarded as representative parameters to characterize the effects of fault behavior on hydrocarbon migration.
Fluid Pressure in Mudstones
Fault opening during active faulting is expected to be positively correlated with fluid pressure in mudstones (P) adjacent to the fault. This is because the mechanical strength of rock strata decreases with increasing pore-fluid pressure (Hubbert and Rubey, 1959; Jaeger and Cook, 1979) . In an interbedded shale-sandstone package, overpressure may serve as a trigger of fault opening (Byerlee, 1993; Luo, 2004) , especially when the fluid pressure is much larger than the hydrostatic pressure. The coupling of faulting and overpressure starts with the accumulation of fluid pressure, resulting in a decrease of effective stress and mechanical strength of rock strata, fracturing and draining fluids out of the sandstones.
Once a fault opens, the rate of pressure release within mudstones is much smaller than that within permeable sandstones (Luo, 1999) ; therefore, faults can easily seal before any significant pressure decrease occurs in mudstones (Luo et al., 2003) . During such a short-term opening of a fault, the abnormal pressure in permeable sandstones is released, whereas the pressure within mudstones remains mostly unchanged (Luo, 1999; Luo et al., 2000) .
Fluid pressure in mudstones may be estimated from acoustic logs, which are available to this study in only a limited number of boreholes. To estimate the pressure in shale along the whole fault system for a given geological period, we used a 3-D numerical basin model calibrated against the available data. The Temis3D software package of Ungerer et al. (1990) and Schneider et al. (2000) was used. Sediment compaction is assumed to be the main fluid-pressure generation mechanism. Present pressures deduced from acoustic logs in 60 wells are reduced following the method of Magara (1978) . They serve as calibration points for the numerical basin model, which allow one to derive the field of fluid pressure throughout the basin. The resulting fluid pressure on the ZDH4 fault surface during the deposition of the uppermost Minghuazhen Formation (∼2 Ma) is mapped in Figure 9a .
Stress Normal to the Fault Plane
The tightness of small fractures within fault zones mostly depends on the normal stress (d) applied to the fault plane. High normal stress would cause plastic deformation during faulting and closure of fractures (Harding and Tuminas, 1989) . On the contrary, for low normal stress, fractures may be open and serve as conduits to fluid flow (Zhou et al., 2000; Lu and Ma, 2002) .
The normal stress component on a fault plane can be calculated from the position and orientation of the fault plane and the knowledge of the subsurface stress field (Jaeger and Cook, 1979) . The magnitude of the effective stress component normal to the fault plane is determined by the dip angle of the fault plane, burial depth, and the direction and magnitude of tectonic stress. For listric growth faults, the dip angle decreases with depth, causing the gravity component of the overburden perpendicular to the fault plane to increase, promoting fault closing.
The current stress field in this area was measured by Qu et al. (1993) and Xu et al. (1996) . Xu et al. (1996) estimated the stress using hydrofracturing in 50 wells in this area. The maximum stress is vertical in the area, and the larger horizontal stress is in the direction of 55-80° (Qu et al., 1993) . The maximum stress, s 1 , was evaluated to be equal to the weight of overburden. The values of the horizontal principal stresses, s 2 and s 3 , following the burial depth, were estimated from the measurements of Xu et al. (1996) . The fault-dip angle can be obtained from seismic interpretation. The normal component of stress was mapped on the surface of fault ZDH4 (Figure 9b ).
Shale Gouge Ratio
Clay or shale smeared into the fault zone has been considered as an effective mechanism to seal a fault ( Weber et al., 1978; Bouvier et al., 1989; Lindsay et al., 1993; Gibson, 1994; Yielding et al., 1997; Alexander and Handschy, 1998) . The porosity and permeability of a fault zone decrease with an increasing amount of smear corresponding to mudstones incorporated into the fault zone. Various parameters were proposed to estimate the amount of muddy fault smears on the basis of observed distributions of mudstones within fault zones (e.g., Bouvier et al., 1989; Lindsay et al., 1993; Yielding et al., 1997) . The SGR of Yielding et al. (1997) is commonly used for heterogeneous siliciclastic strata (Sorkhabi and Tsuji, 2005) . It is defined as the ratio between the throw of the fault and the total thickness of mudstones within the throw.
where SGR is in percent, L is the throw in meters, h i is the thickness of the ith mudstone bed, and n is the number of mudstone layers within the throw. The SGR includes, therefore, two factors that correlate with fault seal: the lithologies of faulted strata and the amount of displacement. Thus, SGR should be an efficient parameter in evaluating the tendency of the fault to be smeared. Mudstone thickness data come from gammalog analysis near the fault zones. The depth difference between the footwall and hanging wall for each horizon defines the fault throw for that horizon, which is used to interpolate the throw at the fault grid points. The SGR at every grid node can be calculated using equation 2. The SGR values may be mapped on the fault surface (Figure 9c ).
FAULT-CONNECTIVITY PROBABILITY AS A FUNCTION OF PHYSICAL PARAMETERS
As explained above, it is expected, at least on a statistical basis, that some relationship between faultconnectivity probability can be deduced from hydrocarbon occurrence on both sides of a fault and the selected parameters can be deduced independently from well and seismic data concerning the physical properties of the fault with respect to its ability to open or close during some events. On selected fault planes, values of physical parameters at each grid node are estimated, and the status of the fault, open or closed, is evaluated qualitatively according to the procedure discussed above. After removing the equivocal data, a set of 117 data nodes are finalized.
The SGR values are separated into 10 intervals. For each interval, the corresponding faultconnectivity probability (N p in equation 1) is In Figure 10b , seven intervals of normal stress values are used to estimate the relative proportions of connected occurrence. This proportion is again interpreted as the probability that a fault could be open for this range of normal stress. A clear negative trend of N p vs. d is observed, indicating that a fault subject to great normal stress would have less chance to open.
In Figure 10c , seven intervals of fluid-pressure values are used to plot the relative proportions of connected occurrence. A clear positive trend of N p vs. P is observed, indicating that a fault with high overpressure has a better chance to be open.
As a result of the comparisons presented in Figure 10 , the fault-connectivity probability appears to depend significantly on the three independent physical parameters, SGR, d, and P, on a statistical basis. The next step is to proceed to a multiparameter approach to improve the assessment of the fault-connectivity probability.
Fault Opening Index
To combine these three parameters, an FOI is defined as a dimensionless coefficient.
The FOI is the ratio between the parameter favoring fault opening, represented by the fluid pressure in mudstones near the fault and the parameters promoting fault closing, such as the mudstone smear factor and the normal stress on the fault plane. This functional dependence is justified by the observed relationship among individual parameters and by the fact that the FOI is dimensionless.
Fault-Connectivity Probability as a Function of the Fault Opening Index
The relationship between FOI and fault connectivity for fluid flow is empirical through the study of discovered oil fields. The FOI values were calculated using data of SGR, mudstone fluid pressure, and normal stress, and the corresponding fault-connectivity indices were similarly identified by the statistical method mentioned above ( Figure 7) . The 117 FOI values (on independent locations of faults) are divided into 8 intervals with an increment of 0.5. The number of total nodes (N) and the number of nodes that had served as migration pathways (n) are counted for every interval (Figure 11a ). Presented as a percentage, the values of N p = n/N within a statistical range define the fault-connectivity probability. Our compilation (Figure 11b) indicates that fault-connectivity probability is 0 for FOI values smaller than 0.75; a quadratic polynomial relationship between FOI and N p is present where FOI ranges from 0.75 to 3.25; and the fault-connectivity probability is equal to 1 for FOI values larger than 3.25. The value of N p = 1 indicates that the node behaved as a migration pathway.
The interpolation of these statistical results leads to the following relationship. 
Where N p is the fault-connectivity probability and FOI is the fault opening index.
Characterization of Fault Opening and Closing
Using equation 4, N p can be estimated for any grid node, in particular, those where no hydrocarbon has been discovered yet. Taking fault ZDH4 as an example, Figure 9d illustrates the distribution of estimated N p on a fault plane. On this fault, connectivity probability N p varies over a wide range. For example, the area west of the H12 well, where the Sha-3 (Es 3 ), Sha-2 (Es 2 2 and Es 2 1 ), and Sha-1 (Es 1 ) members are present, has a probability generally greater than 0.6, except in between the XH1 well and XH6 well, where the probability is low (<0.4), indicating the low potential of a fault opening. The probability is very low (<0.1) in the area of the Sha-1 member (Es 1 ) and Dongying Formation (Ed) on the footwall, where the fault was likely sealed. As a result, hydrocarbons in the carrier beds of the Shahejie Formation (including Es 3 , Es 2 2 , Es 2 1 , and Es 1 ) in the hanging wall would not be able to migrate upward into the Neogene reservoirs on the footwall along the fault. Instead, hydrocarbons would have migrated into reservoirs within the Es 2 2 , Es 2 1 , and Es 3 . The lack of discoveries in the Neogene reservoirs in this area supports this interpretation. In the area east of the H12 well, the fault plane against Es 3 , Es 2 2 , Es 2 1 , and Es 1 in the hanging wall and Es 3 to the Guantao Formation(Ng) in the footwall both have high (>0.5) connectivity probability, indicating fault opening. The fault plane may have been closed in the area against the lower Minghuazhen Member (Nm 2 ). Hydrocarbon accumulations have been discovered in Ng and Nm 2 , supporting the interpretation from fault-connectivity probability.
DISCUSSIONS
Fault movement is mostly episodic (Hooper, 1991; Byerlee, 1993; Xie et al., 2001) : stress accumulating over a period would create new faults and/or cause the movement of preexisting faults, resulting in a sudden release of stress and fluids. Faulting would cease once stress and strain reach equilibrium, and another cycle of stress accumulation would follow (Roberts and Nunn, 1995) . In general, faults are open during faulting and can serve as vertical and lateral hydrocarbon migration pathways (Hooper, 1991; Anderson et al., 1994) , whereas faults are generally closed during the period of quiescence and would serve as barriers to hydrocarbon migration (Fowler, 1970; Bouvier et al., 1989) . In fact, a fault zone is not entirely open during faulting; instead, it is open in some segments or places and closed in others (Haney et al., 2005) . Fault closure during faulting may be caused by several processes: for example, ductile strata matching across the fault zone, sealing by fault gouge, smearing of mudstones, or enclosure of a segment of an open fault zone by low-permeability strata across the zone and closed fault zones above and below, resulting in an increase of the length and complexity of pathways for fluid flow (Byerlee, 1993; Lockner and Byerlee, 1995) . When faulting ceases, some of the open fractures close due to a change in stress field, whereas other open fractures are cemented or welded by precipitates from trapped fluids. The cementation is very fast and can be regarded as instantaneous once faulting ceases at a geologic time scale (Ortoleva, 1994) .
The generation or activation of a fault and the displacement of strata across the fault are the cumulative results of many tectonic episodes, each of which corresponds likely to some enhancement of earthquake activity. In addition, the generation and expulsion of hydrocarbons in and from the source rocks occur over a long geologic period. The currently observed hydrocarbon accumulations that were migrated along fault zones are the cumulative products of many episodes of fault opening and associated hydrocarbon migration. Thus, the study of fault opening and closing with regard to hydrocarbon migration on the basis of observed or discovered distribution of hydrocarbon accumulation should be conducted on the basis of a time scale comparable to the cumulative processes, not with a time scale of individual events of fault opening and closing.
In addition, a fault is in fact a fault zone, which is composed of a series of smaller subsidiary faults and fractures (Chester and Logan, 1986; Chester et al., 1993; Bruhn et al., 1994; Caine et al., 1996; Jourde et al., 2002) . Not all the subsidiary faults and fractures are open during an episode of fault movement; instead, they close or open from time to time and episode to episode, affecting each other in a complex way. As a result, fluid flow occurs three dimensionally along the fault zone; and its exact flow path changes from episode to episode (Lockner and Byerlee, 1995) . The observed hydrocarbon accumulation is the final integrated result of all episodes of fluid flows along all fault planes, fractures, pore spaces, and permeable rock bodies within a fault zone. Hence, the evaluation of fault opening and closing at a basin scale should be conducted for the fault zone as a whole, and a fault zone should not be classified as absolutely open or closed regardless of its scale, type, and other characteristics (Luo et al., 2003) .
In establishing the statistical model of fault opening and closing, only the presence and absence of hydrocarbons in reservoirs above and below a given grid node, along the same vertical plane, were considered. Fluid flow is in reality three dimensional, and fluid may flow horizontally between grid nodes. Moreover, some open microcracks in flexure zones of extensional basins could divert part of the migrating flow. This could introduce erroneous interpretation of reservoir leakage or accumulation. Another bias could be introduced by the fact that stresses and fluid pressures are obtained from present measurements, whereas migration occurs over long periods during which these physical parameters could vary. Therefore, the various inaccurate interpretations could introduce unpredictable errors to the proposed analysis and justify a probabilistic approach.
In areas with limited drilling, the availability of accurate values of various parameters required for calculating FOI and N p is a challenge. For example, mudstone content in footwalls and hanging walls can only be estimated from interpreted depositional systems. However, the uncertainties in estimating these parameters would certainly lower the accuracy for evaluating FOI and N p .
Finally, the concept and model of faultconnectivity probability has been developed for a given geological context on the basis of characteristics of extensional faults in the sedimentary basins of eastern China. The relevance of this model in basins with similar geological settings seems likely although the parameters of the FOI/N p relation should be adapted. Its applicability for other settings such as reverse or strike-slip faults would require further tests.
CONCLUSIONS
Opening and closing of fault zones to hydrocarbon migration are controlled by complex factors and cannot be accurately evaluated on the basis of a single factor. A parameter that incorporates several factors is needed to better characterize fault opening and closing. The cumulative opening or closing behavior of a point on a fault plane to hydrocarbon migration can be established by the presence or absence of hydrocarbons in the reservoirs in the footwall and hanging wall. The concept and model of fault-connectivity probability proposed in this study incorporate fluid pressure, stress normal to the fault plane, and SGR and can be used to quantitatively characterize fault opening and closing. The method is effective in evaluating the history of fault opening and closing to hydrocarbon migration in the CSFZ of Dagang field, Bohai Bay Basin. It improves the characterization of fault zones as potential hydrocarbon migration pathways and is a step further in establishing the complete framework of hydrocarbon carrier systems in petroliferous basins.
